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Pores or more general defects in cell
membranes play an important role in
signal transduction or transport across
cell membranes or the fusion of cells.
Also, antimicrobial peptides may act
by forming or stabilizing pores (1,2),
and pores have even been implicated
in the first steps of the action of the
Ab-peptide and other amyloid-forming
peptides leading to, e.g., neurodegen-
erative diseases. Last and Miranker
(3) have recently suggested that amy-
loid and antimicrobial peptides could
promote the formation and the mainte-
nance of the pore not because of pro-
tein-protein interactions but because
the binding of individual peptides to
the membrane is sufficient to induce
tension. This can be released through
the formation of a pore, in its turn
stabilized afterwards by the same pep-
tides. In biotechnology, the so-called
membrane electroporation (the appli-
cation of external electric fields to
make membranes permeable) is used
in a variety of applications, e.g., for
the electro-uptake of DNA or the
release of intracellular metabolites
from isolated organelles (4). Mem-
brane electroporation is universal in
the sense that no further chemicals
are required; electric fields alone are
sufficient to reach a transiently or
permanently increased permeability
of cells. This led to the usage of elec-
troporation in the preservation of food
and to applications in medicine, partic-
ularly in the treatment of skin cancer.http://dx.doi.org/10.1016/j.bpj.2013.12.001
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0006-3495/14/01/0001/2 $2.00The molecular-dynamics simulation
study by Bennett et al. (5) in this issue
now sheds light on the energetics
of pore formation in pure lipid bila-
yers of different compositions in the
absence of external fields, mechanical
stress, or pore-forming peptides: the
free energy of pore formation, as well
as the enthalpic and entropic contribu-
tions, were all evaluated. Additionally,
the rate of pore opening and water
permeation were determined. Counter-
intuitively, the pore opening is entro-
pically disfavored, but favorable in
enthalpy. An observed discrepancy
between computed water permeation
rates and experimentally determined
rates for DMPC and DPPC lipid bila-
yers rules out pores as the main source
of water passage through membranes.
The loss of entropy upon pore for-
mation was attributed to loss of trans-
lational and orientational freedom of
water molecules within the pore region
(5). Alternatively, however, the motion
of the lipids forming the rim of a lipid
bilayer pore may be restrained. It
remains to be shown whether pore-
forming peptides lower the barrier to
pore formation by minimizing the
entropic cost by a decreased number
of restrained water molecules, fewer
or no lipids aligning the pore, or
by favorable enthalpic interactions.
One model suggested for amphiphatic
antimicrobial and amyloid peptides
involves the lateral insertion of the
peptides into the membrane (3,6).
This accounts for an asymmetric
expansion of the headgroup and acyl-
chain regions resulting in a thinning
of the membrane. This thinning, in
turn, leads to enhanced pore formation.
The results of Bennett et al. (5) now
suggest that the pore formation in the
thinned membrane is coupled to a
decreased number of motionally
restricted water molecules and thus a
decreased change in entropy upon
pore formation. In addition to a lateral
insertion, for amyloid peptides a-
helical, membrane-spanning structures
were suggested. In coarse-grained
molecular-dynamics simulations, isletamyloid polypeptide, and Ab peptides
modeled in a-helical conformation
were observed to form larger aggre-
gates (7). Spontaneously formed pores
were aligned by peptides, i.e., pore for-
mation would be driven by favorable
and not necessarily specific enthalpic
protein-protein interactions. However,
these peptides also induced a strong
membrane curvature that would also
decrease the barrier for the formation
of toroidal lipidic pores.
The umbrella sampling method
applied by Bennett et al. (5) and Sapay
et al. (8) restrains a single lipid phos-
phate group on different membrane
normal positions between the mem-
brane-water interface and the mem-
brane center. Because the prepore
intermediate (9) will spontaneously
evolve to a metastable lipidic pore,
this technique allowed Tieleman and
co-workers to determine the barrier
height for pore formation in pure lipid
bilayers. It appears promising to apply
this method to distinguish between the
above-discussed mechanisms for pep-
tide-induced pores, e.g., studying the
pore formation in curved membranes
or in the presence of peptides. Addi-
tionally, the sketched quantitative anal-
ysis of lipidic pores will be very
helpful in the study of more biological
membrane mimetics: Do pores, for
example, form more easily at the rims
of lipid rafts? How do asymmetric
lipid compositions, proteins, or drugs
modify the energetics of pore forma-
tion? And how is the lifetime of pores
influenced by these environments?
In summary, the work reported in the
article pushes our understanding of
the energetics and lifetimes of lipidic
pores. It provides a guide for quantita-
tive simulation studies of pores in bio-
membranes, in the presence of external
fields and drugs. The improved knowl-
edge about the kinetics and involved
energetics of membrane pore forma-
tion will probably also assist in the
refinement of coarse-grained force
2 Pannuzzo and Bo¨ckmannfields to capture the thermody-
namics of membrane-water systems
more adequately (10). Additionally, it
will be interesting to see how external
electric fields influence the changes
in enthalpy and entropy upon pore
formation.REFERENCES
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